Manganese fluoride (MnF 2 ) with the tetragonal rutile-type structure has been studied using a synchrotron angle-dispersive powder x-ray diffraction and Raman spectroscopy in a diamond anvil cell up to 60 GPa at room temperature combined with first principle density functional calculations. The experimental data reveal two pressure-induced structural phase transitions with the following sequence: rutile → SrI 2 -type (3 GPa)→ α-PbCl 2 -type (13 GPa). A complete structural information, including interatomic distances, has been determined for the first time in the case of MnF 2 including the exact structure of the debated first high-pressure phase. First-principles density functional calculations confirm this phase transition sequence and the two calculated transition pressures are in excellent agreement with the experiment. Lattice dynamics calculations also reproduce the experimental Raman spectra measured for the ambient and high-pressure phases.
I. INTRODUCTION
High-pressure phase transitions in the rutile-type ( Figure 1 ) structured (D 14 4h , S.G. P4 2 /mnm (136) Z=2) difluorides [1] [2] [3] [4] and oxides [5] [6] [7] [8] have attracted considerable interest for several reasons. First, these compounds are archetypal simple ionic solids, making them particularly suitable for testing theoretical approaches. 1 For example, the HP cotunnitetype (PbCl 2 ) structure of TiO 2 (rutile) has been proposed 9 as the hardest known oxide.
Second, they are isomorphous (at ambient pressure) with the first high pressure form of SiO 2 (Stishovite), thus making more achievable the high-pressure transformations 2,10 for the materials of this structural family assuming that the HP phase diagram of these compounds may be analogous to that of SiO 2 . The high-pressure phase diagram of these compounds appears rich and diverse, with a variety of HP phases (mainly known structural types of AX 2 compounds) but there is no well established high pressure structural route. Nevertheless, a typical rutile → CaCl 2 -type (orthorhombic distortion of rutile SG Pnnm (58)) → α-PbO 2 -type (orthorhombic SG Pbcn (60)) → CaF 2 -type (cubic fluorite SG Fm-3m (225) )
or PdF 2 -type (cubic modified fluoride) → α-PbCl 2 -type (cotunnite orthorhombic SG Pnma (62)) sequence of high-pressure phases has been proposed 1, 11, 12 (see also Ref. 13 for a complete review on AB 2 compounds under pressure) with an overall increase in cation coordination number from 6 (rutile) to 9 (cotunnite).
Among various such rutile compounds, MnF 2 , together with ZnF 2 , have attracted a particular attention, mainly because the ionic radius ratio of cation to anion R A /R X = 0.63 14 is the largest one compared to other members of this crystal class and close to the upper limit (0.732) for a stable rutile structure. 12 Moreover, it has been recently proposed 15 that the high-pressure phases of MnF 2 are effective in reducing exciton migration among Mn 2+ , thus yielding an increased photoluminescence efficiency. Before we refer to the previous high pressure studies on MnF 2 it would be useful to discus the general structural systematics of rutile-type compounds under pressure. We can distinguish two main structural families, namely the rutile and the fluorite family, based on the coordination number and the relative arrangement of the cations and anions. In the first family, except of the prototypical tetragonal rutile where cations are 6-fold coordinated and anions 3-fold, the orthorhombic CaCl 2 -type (which is a simple distortion of rutile) can be also included. The phase transition from rutile to CaCl 2 -type has been observed in several rutile-type difluorides and oxides In order to address these issues, we have carried out a detailed x-ray powder diffraction , Raman spectroscopy, and computational study of MnF 2 up to 60 GPa. To the best of our knowledge no Raman data have been reported previously for MnF 2 at high pressures.
Our results reveal two phase transitions to an orthorhombic structure (HP-I) and to α- are also discussed.
II. EXPERIMENTAL AND COMPUTATIONAL METHODS
A single crystal of MnF 2 was grounded to fine powder for the angle dispersive x-ray diffraction (XRD) measurements and loaded in a diamond anvil cell (DAC) with neon (Ne)
as pressure transmitting medium (PTM). For the Raman measurements, small chips from the same piece of single crystal were used with Ne as PTM. Small quantities of ruby and gold powder were also loaded, for determination of pressure through ruby luminescence 23 and gold EOS, respectively. XRD data were collected at the Extreme Conditions Beamline P02.2 at DESY (Germany)using a PerkinElmer detector. The monochromatic x-ray beam (wavelength λ= 0.2898Å) was focused to a nominal diameter of 4µm. The images were integrated using the FIT2D 24 program to yield intensity versus 2θ diagrams. Raman spectra were measured using the 488 nm line from a solid state laser for excitation. An experimental setup capable to record Raman spectra at very low wavenumbers (≺ 10 cm −1 ) using solid state notch filters was used.
First-principles calculations were performed using the spin-polarized version of the Vienna ab initio Simulation Package (VASP). 25 Generalized gradient approximation (GGA) was employed with projected augmented wave (PAW) potentials, 26,27 and Perdew-BurkeErnzerhof (PBE) exchange correlation functional. 28 The wavefunctions were expanded in a planewave basis set with an energy cutoff of 520 eV. Valence electron configurations of 3d 5 4s 2 for Mn atom and 2s 2 2p 5 for F atom were employed. Effects of electron correlations beyond the GGA approximation on the Mn d shell were taken into account by employing the GGA+U method together with the simplified rotationally invariant approach. 29 The value of 5.9 eV is used for U ef f (U ef f =U-J) since it can produce the cell parameters that agree to within 3% with the experimental values. Brillouin zone integrations were carried out using 8×8×12, 6×6×12, 8×12×6, and 12×12×12 Monkhorst-Pack (MP) meshes 30 for the P42/mnm, Pbca, Pnma, and Fm-3m structures, respectively. In order to correctly describe the magnetic effects, total-energy calculations were tested on three spin configurations, ferromagnetic (FM), antiferromagnetic (AFM) and nonmagnetic (NM), using the P42/mnm, Pbca, Pnma, and Fm-3m structures. Results show that the AFM configuration always yields the lowest energy for all tested structures. This finding agrees very well with the previous theoretical studies on CoF 2 17 and FeF 2 . 31 The AFM configurations were therefore employed for all total-energy and lattice dynamics calculations. Phonon frequencies at the Brillouin zone center were calculated using the density functional perturbation theory and from which the Raman active modes were identified.
III. RESULTS AND DISCUSSION
A. Structural properties under pressure for all three phases. The plots of (V p.f.u. ) versus pressure (Fig. 4) show a volume reduction of 10.2% (theoretical value: 9.4%) for the rutile to HP-I transition at 3 GPa, and 9.3%
(theoretical value: 8.8%)for the HP-I to HP-II one at 13 GPa. Usually, such large volume collapses are indicative of major atomic rearrangements which in this case involve the change of the coordination number from 6 to 7 and from 7 to 9. We have fitted the experimental pressure-volume data to a third-order Birch-Murnaghan equation of state 35 and determined the bulk modulus B and its first derivative B at zero pressure for the rutile and at the experimental onset pressure for the two HP phases. The elastic parameters obtained in this way are given in Table I . The obtained bulk modulus for rutile structure (98GPa) is in good agreement with previous studies using measurements of sound velocities 36 (88GPa) and XRD 37 (94GPa).
Now we turn our attention to the interatomic distances ( Fig. 5 ) and lattice parameters (Fig. 4 ) evolution with pressure. From Fig. 4 it can be clearly seen that the a axis of the rutile phase is much more compressible (about twice) than c axis in very well agreement with previous findings on other rutile-type difluorides and oxides. 37 It has been proposed, values. The net effect of these observations is the increase of the distortion of the octahedra which explains the mechanism of the increase of the coordination number. In the case of HP-I we observe a smooth variation (decrease) of the 7 different Mn-F distances with increasing pressure. On the other hand, the Mn-Mn distances show a very interesting trend. In the In principle, the U parameters in the GGA+U calculations should change with both the pressure and the structure. However, using different U parameters for different structures would result in a change of the energy levels which hinders the enthalpy comparison. The U parameters, as determined at ambient pressure using the rutile structure, may become less accurate at high pressures and this may be one of the reasons why calculations do not reproduce exactly the interatomic distances for HP phases.
The calculated enthalpies as functions of pressure for the rutile, SrI 2 -type and α-PbCl 2 -type of MnF 2 are shown in Fig. 6 over the pressure range 0-25 GPa. At ambient pressure, the calculation correctly reveals the rutile structure as the thermodynamic ground state of MnF 2 . The SrI 2 -type structure becomes more stable than the rutile structure at ca. 4.2 GPa, which agrees well with the measured transition pressure of 3 GPa. At 13.1 GPa, the α-PbCl 2 -type structure replaces the SrI 2 -type structure, consistent with the measured transition at 13 GPa. Along the way, we also examined the two previously proposed structures for HP-I, namely the P-42m structure 2 and the Aea2 structure. 10 Interestingly, if we fully optimize these two structures, they both become immediately unstable and transform directly to the fluorite structure. This finding further validates the SrI 2 -type structure as the correct HP-I.
The enthalpy of the fluorite structure (Fm-3m) is presented in Fig. 6 for a comparison.
B. Raman scattering under pressure
Four Raman-active zone-center modes are predicted from group theory for the rutile-type structure with the symmetries:B 1g + E g + A 1g + B 2g . At ambient pressure inside the DAC we observe 3: E g + A 1g + B 2g out of 4 expected modes ( Figure 7 ). The 4th low frequency, expected at c.a. 61 cm 1 , 38 Raman mode (of B 1g symmetry) is not evident in our spectra; presumably, it is too weak for detection. 38 The Raman frequencies of the observed Raman modes are in excellent agreement with previous studies. 38 The calculated frequencies for the B 2g , A 1g , and E g modes are 463 cm XRD measurements. We would like to point out that analysis of Raman spectra has been hindered by the intense luminescence exhibited by MnF 2 above the first phase transition order to overcome the kinetic barriers. The latter case is of key importance since temperature critically affects the actual structure observed at high pressures. For instance, the SrI 2 -type structure of MnF 2 observed in this study is expected to transform to a higher symmetry fluorite structure at temperatures of few hundreds o C. That being said, we believe that a lack or not of an one-to-one structural correspondence is not sufficient to judge whether a model compound is suitable. 20 Instead, here we focus on the structural families, based on the coordination number and cation arrangement, as described in the introduction. Figure   8 shows a bar diagram with the critical pressures and the structural types observed for MnF 2 in this study and SiO 2 from previous experimental 16, 39, 40 and theoretical 41 studies.
The various structural types of rutile family are noted with different colours. The, postpyrite, cotunnite structure of SiO 2 , although not experimentally observed yet, has been predicted 41 as the more stable structure above c.a. 730 GPa. It can be clearly seen that the high-pressure structural behaviours of MnF 2 and SiO 2 fit perfectly not only on the phase sequence but also on the pressure range of relative stability of each family. Although, to the best of our knowledge,there is no prediction of a stable SiO 2 phase above cotunnite, it is plausible to assume that the stability range of this phase extends to at least 2 TPa.
However, the actual phase which will be observed in future experiments may deviate from cotunnite for the already mentioned above reasons: (a) bonding schemes, (b) hydrostaticity and (c) temperature.
V. SUMMARY
The high-pressure phase transition sequence of MnF 2 has been explored by a combined experimental and first-principles study up to 60 GPa. The exact crystal structure of the intermediate phase (HP-I) is fully identified and characterized as SrI 2 -type orthorhombic that is distinct from all previously proposed structures. A full structural analysis has been performed including the detailed determination of the various interatomic distances under pressure which allows a better understanding of the mechanisms of the phase transitions.
It is noteworthy that, through the series of the observed phase transitions, the coordination number of manganese increases from 6-(rutile) to 7-(modified fluorite) and finally to 9- 
